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Targeted disruption of the onecut transcription factor, hnf-6, alters mammalian biliary system development. We have identified a related
zebrafish cDNA expressed in the developing liver that is a functional ortholog of mammalian hnf-6. Antisense-mediated knockdown of
zebrafish hnf-6 perturbs development of the intrahepatic biliary system. Knockdown of zebrafish hnf-6 alters expression of vhnf1 and the
zebrafish orthologs of othermammalian genes regulated by hnf-6. Coinjection ofmRNA encoding zebrafish vhnf1 rescues the biliary phenotype
of hnf-6morphants. These experiments strongly suggest that hnf-6 and vhnf1 functionwithin an evolutionarily conserved pathway that regulates
biliary development. Forced expression of either hnf-6 or vhnf1 also produces biliary phenotypes. Altered bile duct development in both loss-
and gain-of-function experiments suggests that zebrafish biliary cells are sensitive to the dosage of hnf-6-mediated gene transcription.
D 2004 Elsevier Inc. All rights reserved.
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The mammalian biliary system transports bile from the
liver to the intestine. Bile ducts within the liver, known as
the intrahepatic biliary system (Crawford, 2002), originate
at the canaliculus, a specialized region of the hepatocyte cell
membrane through which bile constituents are exported.
Canaliculi are contiguous with the canals of Hering, the
terminal branches of the intrahepatic biliary system. The
canals of Hering carry bile to interlobular bile ducts within
portal triads. Interlobular bile ducts drain bile from the liver
lobule and connect with larger bile ducts that eventually join0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2004.06.016
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421 Curie Boulevard, Room 1212 BRB 2/3 Philadelphia, Pennsylvania,
19104. Fax: +1 215 898 9871.the extrahepatic biliary ducts, the gallbladder, and the
intestine.
Acquired and heritable diseases of the intrahepatic biliary
system are well documented (Siafakas and Jonas, 1999;
Suchy, 2001). These disorders lead to cholestasis, or re-
duced bile flow, typically from destruction or altered
development of the interlobular bile duct network. Patho-
logic specimens from patients with heritable biliary diseases
often reflect alterations in the normal sequence of bile duct
formation. Some of these patients have bile duct paucity, a
condition that is likely to arise from altered specification,
differentiation, or survival of biliary progenitors. Other
patients have pathological findings that suggest a defect
affecting duct morphogenesis.
During mammalian liver development, biliary epithelial
cells arise from hepatoblasts adjacent to portal vein radicles
(Lemaigre, 2003). Subsequently, these cells proliferate, ar-
range as tubules, and ultimately form ducts that become274 (2004) 245–259
Table 1
Oligonucleotide primers used for PCR for hnf-6 sequencing, radiation
hybrid mapping, and quantitative PCR
Name of primer Sequence
hnf6-2 5V-GAAAAAGTTGCTGACGGTGGC-3V
hnf6-3 5V-GCTCAACAACGGTAGCAGTTCG-3V
hnf6-5 5V-CAGAGGGTGCTGTGTCGCTCGCAAGG-3V
hnf6-11 5V-GCTTGCACGTATAATGAACGCC-3V
hnf6-15 5V-CCCCACAATGCAGCCGTTACTC-3V
hnf6-9 5V-GGACTGAGCGGCATTACAACTC-3V
hnf6-10 5V-TGGTATTGACCTCTTCCATCTGAC-3V
hnf6-13 5V-AAACGAAAGGAGCAGGAGCACG-3V
hnf6-14 5V-CGACCAGTGATTGGAGTGTAAGTTC-3V
tbp-3 5V-CCCATTTTCAGTCCTATGATGCC-3V
tbp-4 5V-GTTGTTGCCTCTGTTGCTCCTC-3V
hnf6-16 5V-AAACGAAAGGAGCAGGAGCACG-3V
hnf6-17 5V-TTGGACGGACGCTTGTTCTC-3V
hnf6-28 5V-CCCTGGAGCAAGCTCAAG-3V
hnf6-29 5V-TACCGTGCTCCTGCTCCTT-3V
hnf4-5 5V-GCTGGTGGAATGGGCAAAATAC-3V
hnf4-6 5V-TGATGCTCTGTAGTGTCGGCAAC-3V
vhnf1-3 5V-CAGGTGATGATGCTGCCATTG-3V
vhnf1-4 5V-TCTTTGCTGGGGTTCTTCTGC-3V
cer-1 5V-CGGAATGGAGACCACATACACTG-3V
cer-2 5V-GGACAGGGACTGGCAGATTTTTAC-3V
hnf3b-1 5V-TTGACAGGAGGAGAGCACAACG-3V
hnf3b-2 5V-TTCCCCACACGAGAAATGCC-3V
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the liver where biliary tubules form has been termed the
ductal plate (Lemaigre, 2003; Shiojiri, 1997; van Eyken et
al., 1988). Liver biopsies from some patients with heritable
biliary diseases show ductal plate remnants. This patho-
logical finding, which is known as the ductal plate
malformation, suggests a developmental arrest at the
remodeling phase of biliary development (Desmet, 1998).
To date, only a small number of developmental
conditions associated with ductal plate malformation have
been molecularly characterized. Nearly all are multisystem
disorders involving cystic changes in the kidney (D’Agata et
al., 1994; Johnson et al., 2003). Studies in the mouse have
identified two additional genes that play a role in bile duct
development. Targeted disruption of the onecut transcription
factor hnf-6 leads to liver defects that resemble human
ductal plate malformations. Hnf-6 mutant mice, which also
have defective endocrine pancreas development (Jacquemin
et al., 2000, 2003), develop excessive numbers of biliary
epithelial cells and abnormal biliary tubules that do not form
mature bile ducts (Clotman et al., 2002). Bile flow is
impaired in these mutant mice and they die with severe
cholestasis soon after birth. An almost identical phenotype
occurs when vhnf1 (hnf-1b) gene disruption is restricted to
the liver (Coffinier et al., 2002). The finding that hnf-6 can
transactivate vhnf1 gene transcription, and that vhnf1
transcription is altered in hnf-6 mutants, strongly suggests
that hnf-6 functions upstream of vhnf1 in a genetic pathway
that regulates biliary epithelial cell differentiation and bile
duct remodeling (Clotman et al., 2002).
In this report, we describe a role for zebrafish hnf-6 and
vhnf1 in intrahepatic biliary development. Knockdown or
forced expression of either gene disrupts development of the
intrahepatic biliary tree, while sparing development of the
extrahepatic bile ducts and gallbladder. These defects also
impair biliary function, as determined by the secretion of a
fluorescent lipid reporter. Transcriptional analyses using
RNA in situ hybridization and quantitative PCR, along with
RNA rescue experiments, demonstrate that zebrafish vhnf1
functions downstream of hnf-6. These findings show that
vertebrate biliary development is regulated by a conserved
genetic pathway that has endured, despite the differences in
teleost and mammalian liver anatomy.Materials and methods
Cloning of zebrafish hnf-6
Total RNA from adult zebrafish liver (AB strain) was
extracted using TRIzol (Life Technologies) and purified
using RNeasy columns (Qiagen). RT-PCR was performed
using standard conditions with oligonucleotide primers (hnf-
6-2 and -3 in Table 1) based on sequences in the trace
archives. The 3V sequence was determined using Smart
RACE (Clontech) with hnf-6-5 (Table 1) as primer, whilethe 5V sequence was determined from genomic sequence in
the trace archives. Full-length cDNA was generated with
primers hnf-6-11 and hnf-6-15 (Table 1). The final hnf-6
sequence was deduced from analysis of multiple clones.
Radiation hybrid panel mapping and genomic analysis
Genomic sequences of intron–exon boundaries were
inferred from sequences found in zebrafish trace archives.
Two non-overlapping sets of primers were generated (hnf6-
9, -10, -13, -14; Table 1) to probe the zebrafish or hamster
radiation hybrid panel (Research Genetics). Linkage was
determined online (zon.tchlab.org). Synteny comparison
was performed by first identifying genes adjacent to
zebrafish hnf-6 (contig 10022; Zebrafish Genomic Assem-
bly) and then determining the location of their human
orthologs (NCBI database) and the human hnf-6 gene
(ONECUT-1). Phylogenetic tree analysis was performed
using MacVector software using the neighbor joining
method to determine the best tree fit.
In situ hybridizations
Wild-type top long fin zebrafish were raised in phenyl-
thiocarbamide and processed for in situ hybridization
following established protocols. Hnf-6 riboprobe was made
using a 0.6-kb fragment or the full-length clone as linearized
template. Vhnf1 riboprobe was made using linearized
pCS2(+)-vhnf1 plasmid (Sun and Hopkins, 2001). Some
whole-mount specimens were processed for histology as
described (Wallace and Pack, 2003).
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Two non-overlapping morpholinos directed against the
exon 2 splice acceptor site were generated (GeneTools,
Philomath, OR). The morpholino bB-pointQ is directed
against the nucleophilic adenine residue participating in
the splicing reaction (for sequence, see Fig. 5A). The
morpholino bIE2Q is directed against the actual intron–exon
boundary (for sequence, see Fig. 5A). As controls, a 5-bp
mismatch morpholino encompassing the sequence targeted
by IE2 and a morpholino directed against the translational
start site of the zebrafish neural onecut gene (Hong et al.,
2002) were used. Morpholinos were reconstituted to a
concentration of 1 mM and were then diluted so that the
final injection amount approximated 0.8 pg, unless other-
wise indicated. Injections of 2 pg did not significantly
change the appearance of the larvae at 5 days postfertiliza-
tion (dpf) relative to 0.8 pg. Embryos were injected at the 1-
to 4-cell stage according to standard methods (Hyatt and
Ekker, 1999). For all experiments, control fish were injected
with vehicle and are represented as bwt.Q
Immunostaining of zebrafish larvae
Larvae at 3.5, 4.0, 4.5, and 5.0 dpf were treated with
Tricaine 0.015% until paralyzed, then fixed in 80%
methanol/20% dimethylsulfoxide for cytokeratin staining.
For insulin staining, larvae at 2 and 5 dpf were fixed in 4%
paraformaldehyde. A mouse monoclonal anti-human cyto-
keratin 18 (Ks 18.04, Maine Biotechnologies) was used at a
concentration of 1.67 Ag/ml. Insulin immunostaining was
performed using guinea pig anti-insulin and rabbit anti-
bovine carboxypeptidase A (Rockland, Inc.) or rabbit anti-
glucagon (Linco). Following primary antibody incubation,
specimens were processed as described. Whole-mount
specimens were viewed using a Zeiss Axiovert confocal
microscope. Histological sectioning of whole-mount speci-
mens was performed as described previously. For duct
quantification, tracings were made of ducts from four to five
separate injections using Adobe Photoshop. Assignment of
ducts as blongQ or binterconnectingQ was based on length,
not caliber; ducts that appeared to leave the focal plane were
designated as blong.Q Number and length were determined
with the aid of a superimposed grid. Statistical analysis was
performed using Microsoft Excel.
Electron microscopy of zebrafish larvae
Larvae at 5 dpf were fixed in 2.5% glutaraldehyde/2%
paraformaldehyde in 0.1 M NaCacodylate buffer (pH 7.4)
overnight at 48C. Following washing, the larvae were
stained in 1% osmium tetraoxide, rinsed and dehydrated
in acetone. Larvae were then infiltrated with resin. The thin
sections (80 nm) through the liver were examined using a
Philips 208S electron microscope and processed using
Photoimpact software (Ulead systems).PED-6 treatment
The fluorescent lipid reporter PED-6 has been described
previously (Farber et al., 2001). Control or morphant 5 dpf
larvae were soaked in 0.1 Ag/ml PED-6 overnight and
examined as described. Treated larvae were compared with
untreated, as the larvae exhibit some autofluorescence. To
assay swallowing, 5 dpf larvae were soaked overnight in
fluorescent beads as described (Farber et al., 2001).
Generation of hnf-6 and vhnf1 mRNA
Both isoforms of full-length hnf-6 cDNAwere subcloned
into pCS2(+), linearized, and mRNA was synthesized with
the mMessage mMachine (Ambion) protocol and reagents.
Likewise, pCS2(+)-vhnf1 was linearized and used as
template. Hnf-6 mRNA of either isoform was injected at
amounts ranging from approximately 8 to 80 pg, without
any severe adverse effects noted at high doses. Vhnf1
mRNAwas injected at amounts of approximately 7–140 pg,
but the majority of embryos died at concentrations greater
than 14 pg. Larvae at the stages indicated above were then
sacrificed and fixed as described.
Quantitative real-time PCR
RNAwas isolated from 3 dpf larvae injected with control
buffer or morpholino (TRIzol). Quantitative PCR was
performed using the SYBR green method (MJ Research).
Oligonucleotide primers for zebrafish TATA-box binding
protein gene (tbp), hnf-4, vhnf1, hnf-3b, and ceruloplasmin
(cer) are listed in Table 1. The sequences of zebrafish tbp
and hnf-4 were determined based on in silico similarities
between mammalian tbp and hnf-4 and zebrafish ESTs. To
compare experiments, control expression of each condition
was set at 1.0 and morpholino-injected expression was made
relative to control. The experiments were averaged; error
bars presented in the figures represent SEMs of the
averages. In all experiments, both the B-point and IE2
morpholinos were used at amounts of approximately 2 pg
and produced similar results, although only the IE2-injected
conditions are presented. Similar results were obtained
using 0.8 pg. For the semiquantitative PCR depicted in Fig.
5D, RNA was isolated from 24 h postfertilization (hpf)
larvae. Standard PCR was performed using the identical tbp
primers as above, as well as the hnf-6 primers hnf6-28 and
hnf6-29 listed in Table 1 and depicted in Fig. 5A.Results
Cloning, physical mapping, and predicted genomic
structure of zebrafish hnf-6
An EST clone with sequence homology to the cut and
homeodomains of mammalian hnf-6 was identified from the
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adult liver cDNA via RT-PCR and 3V-RACE. Sequence
analysis revealed significant homology in the cut and
homeodomains between zebrafish hnf-6 and other vertebrate
onecut genes (Fig. 1). The degree of identity between
mammalian and zebrafish hnf-6 is 66%, with 97% in the cut
domain, and 96% in the homeodomain. The overall degree
of identity is less between zebrafish hnf-6 and human OC-2,
as well as between zebrafish hnf-6 and a previously
identified zebrafish neural onecut gene (Hong et al., 2002)
(Fig. 1). An alternatively spliced hnf-6 mRNA, termed the
dhT isoform to distinguish it from the shorter daT isoform,
was detected in a small percentage of our sequenced
cDNAs. This led to the inclusion of 15 nucleotides at the
identical position of the alternative splice site in rodent hnf-
6 (Lannoy et al., 1998) (red asterisk in Fig. 1). The
corresponding five amino acid residues have no homology
to the rodent insert sequence.
Comparison between onecut family members in various
organisms demonstrates that zebrafish hnf-6 (ONECUT-1) is
more closely related to the mammalian orthologs of
ONECUT-1 than to other members of the onecut family
(Fig. 2A). Physical mapping placed the hnf-6 locus on
zebrafish chromosome 18, in proximity to the following
markers: z3853 (24 cR), fb96a11 (26 cR), fc83a08  1 (27
cR), and lmo2 (30 cR). Comparison of the zebrafish genome
assembly and the human genome identifies evolutionarily
conserved syntenic relationships near the hnf-6 locus.
Zebrafish hnf-6 lies adjacent to genes with high sequence
similarity to human MYO5A and RASGRF1, which along
with human OC-1 (hnf-6) are located on chromosome
15q21-24 (Fig. 2B). Taken together with the sequence
analysis, these results strongly suggest that the cDNA we
have identified is in fact the zebrafish ortholog of the
mammalian hnf-6 gene.
Tissue-specific expression of zebrafish hnf-6
Localization of hnf-6 transcripts in developing embryos
and larvae was performed using RNA in situ hybridization.
Weak hnf-6 expression was first noted in the ventral region
of shield-stage (6 hpf) embryos (not shown). By five
somites (12 hpf), hnf-6 expression was present in the
developing forebrain, midbrain, and retina (not shown).
This pattern persisted at 24 hpf (Fig. 3A). Consistent liver
expression was first detected in 48 hpf whole-mount
specimens (Figs. 3B and C). Liver expression was more
pronounced at 72 hpf (Figs. 3D and E). Expression in the
pancreas was also noted at this stage (Fig. 3D). Liver
expression of hnf-6 at these stages is compatible with a
role in biliary development (Lorent et al., submitted). At 5
dpf, hnf-6 transcripts were limited to the liver, gallbladder,
and proximal intestine (Fig. 3F). Consistent with these
data, a related expression pattern has been described for
mammalian hnf-6 genes (Clotman et al., 2002; Landry et
al., 1997; Rausa et al., 1997). Whether hnf-6 is expressedin zebrafish biliary epithelial cells could not be assessed
histologically because teleost bile ducts, which reside
within hepatoctye tubules, cannot be recognized in stand-
ard histological sections (Fig. 4 and Hinton and Couch,
1998).
Knockdown of hnf-6 protein disrupts intrahepatic bile duct
development
Gene knockdowns were performed to examine the role of
zebrafish hnf-6 in biliary development. Comparison of our
cDNA sequence with the zebrafish genome assembly
demonstrated that zebrafish hnf-6 contains two exons
separated by a 4-kb intron, with the major splice junctions
at the identical points seen in mammals (Fig. 5A). The
alternatively spliced hnf-6 isoform derives from sequences
at the end of exon 1, which is different from the organization
noted in the rodent, in which the alternatively spliced
sequence is derived from a distinct exon (Rastegar et al.,
1998).
To knockdown hnf-6, we designed two non-overlapping
morpholinos directed against the splice acceptor region of
intron 1 and exon 2 (Fig. 5A). Either morpholino was
injected into fertilized embryos at the one to four cell stage
and fish were analyzed at various time points for
morphology and biliary anatomy. To confirm targeting of
mRNA splicing, quantitative RT-PCR analysis was per-
formed using IE2-injected 24 hpf embryos. These primers
were designed to amplify a fragment derived from exons 1
and 2 of the hnf-6 cDNA. As shown in Figs. 4D and E,
targeting by the IE2 morpholino caused a 50% reduction in
the level of correctly spliced transcripts. This finding is
consistent with the presence of two populations of hnf-6
transcripts in the morphants: one alternatively spliced
mRNA that results from morpholino-mediated targeting,
and a second, normal mRNA from transcripts that evade
targeting (Figs. 5B and C).
Embryos and larvae injected with either of these
morpholinos appear normal through 5 dpf other than a
slight enlargement of the head and smaller eyes in
comparison with mock-injected siblings (Figs. 6A and B).
By contrast, larvae that had been injected with control
morpholinos appeared normal (not shown). Liver size was
normal in all morphant larvae. Larvae with severe defects
such as major developmental delay, severe edema, or body
axis deformities were rarely observed, and analysis of these
morphants was not pursued.
Knockdowns of hnf-6 using either intron–exon morpho-
linos perturbed biliary development in an identical fashion.
Importantly, these defects were rescued with coinjection of
either mouse or zebrafish hnf-6 mRNA (not shown) and
were not seen following injection of a 5-bp mismatch
control morpholino or a morpholino designed to target the
related zebrafish neural onecut gene (Hong et al., 2002).
Confocal imaging showed that the biliary tree of morphant
larvae was composed of irregularly sized ducts (Figs. 6D–
Fig. 1. Sequence comparisons of zebrafish, human, and rodent onecut genes. Deduced amino acid sequence comparison of zebrafish hnf-6a (onecut-1), rat hnf-6a, human ONECUT-1 (hnf-6), human ONECUT-2,
and the zebrafish neural onecut gene. Homologous regions are shaded gray, the cut domain is green and the homeodomain is purple. Red asterisk denotes dhT isoform amino acid insertion site.
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Fig. 2. Phylogenetic and syntenic comparisons of zebrafish and mammalian hnf-6. (A) Phylogenetic tree comparing zebrafish hnf-6 (onecut-1), with fly, worm,
and mammalian onecut genes. Numbers and scale bar represent uncorrected bP Q values generated by neighbor-joining best tree phylogenetic analysis. (B)
Comparison of syntenic relationship of genes surrounding the zebrafish and mammalian hnf-6 locus. Zebrafish contig 10022 is depicted above, showing the
relative position of GNRF, MYO5A, and hnf-6 (OC-1) genes. Relative location of the orthologous human genes on chromosome 15 is depicted below.
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majority of morphants had large ectatic ducts. The length of
the contiguous ducts was also noticeably shorter in the hnf-6
morphants. In other morphants, longer, thin ducts were
present. However, the shorter branches of the biliary tree
that either end blindly or connect the larger long ducts were
diminished in number or were absent in all morphants. This
led to the appearance of bempty spaceQ devoid of ductsFig. 3. Zebrafish hnf-6 expression. (A) Rostral view of 24 hpf embryo showin
midbrain (small arrow). (B) Dorsal view of 48 hpf larva showing expression in the
the region of the liver showing diffuse low-level expression in the liver (arrowhe
expression in the liver (black arrowhead) and pancreas (white arrowhead). (E) Cro
and hindbrain. (F) Left lateral view of a 5-dpf larva showing hnf-6 expression in
intestine (brown arrowhead).noticeable in Figs. 6D–F that persisted in larvae fed and
raised to 7 dpf (not shown). Analyses at earlier devel-
opmental time points show that the small ducts missing in
the hnf-6 morphant larvae (Figs. 6D–F) normally develop
between 4 and 5 dpf (Figs. 6H–J). In hnf-6 morphants, these
ducts fail to appear between 4 and 5 dpf (Figs. 6K–N). From
these data, we conclude that zebrafish hnf-6 is required for
elaboration of the larval biliary tree.g hnf-6 expression in the retina (large arrow), forebrain (arrowhead), and
liver (arrowhead) and fin buds (arrows). (C) Cross section of 48 hpf larva in
ad) and fin buds (arrow). (D) Dorsal view of 72 hpf larva showing hnf-6
ss section of 72 hpf larva showing hnf-6 expression in the liver (arrowhead)
the liver (black arrowheads), gallbladder (green arrowhead), and proximal
Fig. 4. Immunohistochemical detection of zebrafish bile ducts. (A) Histological cross section through the 5-dpf larval liver. Bile ducts are not recognizable in
samples processed with standard fixatives (paraformaldehyde; hematoxylin staining). Arrowheads point to vascular sinusoids (clear regions) that contain
nucleated red blood cells. (B) Histological cross section through the liver section of a whole-mount specimen (5 dpf) processed for cytokeratin IHC (methylene
blue staining). (C) Fluorescent image of section in (B) showing bile ducts and vascular sinusoids (arrowheads). (D) Computer-assisted overlay of (C) on (B).
Fig. 5. Genomic organization and targeting of the zebrafish hnf-6 locus. (A) Genomic sequence and arrangement of zebrafish hnf-6. Two exons with adjacent
intronic sequences are shown. Exon sequence is in CAPS, intron in lowercase. The sequence encoding the five amino acid insertion of the dhT isoform is in
bold. The sequences against which splice acceptor morpholinos were generated are underlined and labeled as IE2 and B-point, accordingly. Primer pair used for
RT-PCR depicted in (B–D) is denoted by arrowheads. Diagram not to scale (intron approximately 4 kb). (B and C) Schematics of wild-type and morphant hnf-6
transcript, showing that the primer pair amplifies a fragment derived only from the wild-type transcript, as depicted in gold and green from the corresponding
exons. (D and E) Semiquantitative (D) and quantitative (E) RT-PCR of cDNA from 24 hpf control (bwtQ) and IE2-injected morphant embryos. There is a 50%
reduction in the amplification of the cDNA fragments spanning the exons 1 and 2 splice site in morphant embryos compared with wild type. For all quantitative
PCR experiments, hnf-6 cDNA amplification is standardized using amplification of the TATA-box binding protein (tbp) cDNA.
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Fig. 6. Knockdown of hnf-6 perturbs biliary development. (A and B) Left lateral view of 5 dpf control (A) and hnf-6 morphant larvae. Black arrowhead—liver.
Liver size is identical in both larvae. (C–N) Confocal projections through the liver of WT and hnf-6 morphant larvae processed for cytokeratin IHC. (D–F)
Three individual 5 dpf hnf-6 morphants: note the relative paucity of ducts compared with WT control (C). The morphant ducts are shorter and more dilated than
the WT ducts. (G–N) Biliary morphology of 3.5 dpf-5 dpf WT (G–J) and hnf-6 morphant (K–N) larvae. Note that the biliary tree of the 3.5-dpf control larva
consists of short, isolated ductlike structures. Diffuse cytokeratin immunoreactivity is also present in adjacent cells (G). By 4 dpf (H), more distinct ducts are
evident, but they remain isolated. By 4.5 dpf (I), the ducts have become longer, and some interconnecting ducts are apparent. These features are more elaborate
at 5 dpf (J); long continuous ducts with numerous interconnecting branches and terminal ductules are present throughout the liver at this stage. While morphant
ducts at 3.5 dpf (K) and 4 dpf (L) are similar to control, at 4.5 dpf (M) and 5 dpf (N) the ducts are less dense and the interconnecting ducts and terminal ductules
do not appear.
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The small biliary radicles absent in hnf-6 morphants
normally connect adjacent ductular elements. Such an
arrangement of ducts would increase both capacitance
and flow within the biliary tree. To test this hypothesis,
we assayed bile secretion of morphant and wild-type 5
dpf larvae using PED-6 (Farber et al., 2001), a quenched
fluorescent lipid reporter that is excreted into zebrafish
bile. Normal gallbladder fluorescence was present in
hnf-6 morphants soaked in conventional doses of PED-6
used to assay lipid metabolism. However, compared
with control siblings, hnf-6 morphants had minimal
increase in baseline levels of endogenous gallbladderfluorescence compared when treated with limiting PED-
6 doses (Figs. 7A–D). Importantly, swallowing function
was normal in hnf-6 morphants as determined by the
ingestion of fluorescent beads (Farber et al., 2001; not
shown).
Consistent with a defect in biliary lipid secretion, we
found evidence of cholestasis in electron micrographs of 5
dpf hnf-6 morphants (Figs. 7E–H). In all morphants
analyzed, debris within the morphant ductular tree was
evident (Figs. 7G and H). This probably is a consequence of
poor bile flow and subsequent precipitation of biliary
phospholipids. Canaliculi in the hnf-6 morphants were also
dilated, another finding compatible with altered biliary
system morphology.
Fig. 7. Reduced biliary lipid secretion and cholestasis in hnf-6 morphants. (A–D) Fluorescent images of 6 dpf larvae (right lateral view). (A and C)
Endogenous, baseline gallbladder (arrowhead) and intestinal (arrow) fluorescence in 6 dpf WT (A) and hnf-6 morphant (C) larvae that did not receive the PED-
6 lipid reporter. (B and D) Identical views of 6 dpf sibling larvae soaked overnight in PED-6. Note enhanced gallbladder fluorescence in WT (B) but not in the
hnf-6 morphant (D). These images are representative of 20 paired sets of larvae examined. (E–H) Liver ultrastructure in 5 dpf WT (E and F) and hnf-6
morphant (G and H) larvae. Arrowheads point to lumen of the capillary-like ductules in the WT specimen. Arrows in all of these electron micrographs point to
adjacent hepatocyte canaliculi. Ductular lumens in hnf-6 morphants (arrowheads) are enlarged and ectatic compared with WT. Scale bars = 2 Am.
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that directs bile duct development
An insertional mutation in the zebrafish vhnf1 gene
disrupts gut patterning and development of the ear, kidney,
and brain (Sun and Hopkins, 2001). Mammalian hnf-6 and
vhnf1 function in a genetic pathway that regulates bile duct
development (Clotman, 2002; Coffinier, 2002). For this
reason, we analyzed intrahepatic biliary development in
zebrafish vhnf1 mutants. Although loss of vhnf1 function
perturbed a wider range of developmental processes than
knockdown of hnf-6, biliary anatomy could be characterized
in mutant larvae. As previously reported (Sun and Hopkins,
2001), we observed that liver size is reduced in 5 dpf vhnf1
mutants. Projections of confocal images through the liver of
5 dpf vhnf1 mutants processed for cytokeratin immunohis-
tochemistry (IHC) revealed a hypoplastic intrahepatic
ductular system. Bile ducts in the vhnf1 mutants appeared
very short and dilated and overall less developed than 3.5
dpf wild-type larvae (Fig. 8; for comparison to 3.5 dpf wild
type, see Fig. 6).
The short, dilated ducts of vhnf1 mutants appeared to
derive from a related, more severe variant of the defect seen
in hnf-6 morphants. Consistent with this model, knockdownof hnf-6 protein reduced larval vhnf1 transcription more
than 50% relative to the housekeeping gene tbp (Fig. 9A).
Transcription of the zebrafish orthologs of hnf-4 and hnf-3b
(foxA2) (Figs. 9B, C), other mammalian hnf-6 target genes
(Landry et al., 1997), was also reduced in hnf-6 morphants
relative to control, whereas expression of the hepatocyte
marker ceruloplasmin (Korzh et al., 2001) was normal (Fig.
9D). Importantly, in situ hybridization experiments showed
that alteration of vhnf1 expression in hnf-6 morphants was
largely restricted to the liver (Figs. 9E and F). Finally, we
also found that coinjection of a vhnf1 mRNAwith the hnf-6
morpholino rescued the hnf-6 morphant biliary phenotype
(Figs. 9G–I). Compared with larvae injected with hnf-6
morpholino alone (Fig. 9H), embryos coinjected with vhnf1
RNA had longer bile ducts of normal caliber. Small
connecting ducts absent in the hnf-6 morphants were now
also present in the RNA-injected larvae (Fig. 9I). The
colorized schematics in Figs. 9J–L facilitate interpretation of
Figs. 9G–I, and quantification of several rescue experiments
are depicted in Table 2. These data, the results from the
above real-time PCR and the biliary morphology of vhnf1
mutants, support a model in which hnf-6 and vhnf1 function
in a conserved pathway that regulates vertebrate biliary
development.
Fig. 8. Biliary phenotype of vhnf1 mutant larvae. (A and B) Confocal projections through the liver of 5 dpf WT (A) and vhnf1 mutant (B) larvae processed for
cytokeratin IHC. Note the short, dilated ducts in the vhnf1 mutants.
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and vhnf1 transcription factors
The previously described loss-of-function experiments
suggest that hnf-6 and vhnf1 regulate expansion of the
intrahepatic biliary tree. To better understand the nature of
this phenotype and to aid in its comparison with the ductal
plate-like abnormalities reported in hnf-6 and vhnf1 mouse
mutants, we analyzed biliary morphology in 5 dpf zebrafish
larvae injected with either the hnf-6 a or h isoform or vhnf1
mRNA no later than the 2-cell stage. In general, these larvae
developed normally (Figs. 10A and B), although there were
occasional larvae, especially those injected with vhnf1
mRNA, in which there were severe developmental delays.
Interestingly, rare (approximately 2%) hnf-6 mRNA-
injected larvae developed without eyes. Biliary morphology
was not examined in these and other abnormal larvae.
Forced expression of mRNA for either hnf-6 isoform or
vhnf1 mRNA perturbed biliary development in a similar
fashion. Importantly, these biliary phenotypes could be
distinguished from the corresponding loss-of-function phe-
notypes. Larvae (5 dpf) injected with either mRNA showed
an overlapping set of biliary defects (Figs. 10C–F). In some
larvae, the biliary system was composed of short, dilated
tubules. In other larvae from the same injection experiment,
longer irregular ducts were noted. Some ducts in other
siblings appeared to undergo degeneration. These data,
together with the previously described loss-of-function
phenotypes, suggest that zebrafish biliary development is
sensitive to gene dosage of hnf family transcription factors.
The presence of dilated discontinuous biliary tubules in
hnf-6 and vhnf1 mRNA-injected larvae suggests an
obstruction to bile flow. Consistent with these findings,
evidence of cholestasis was seen in electron micrographs of
the hnf-6 and vhnf1 mRNA-injected larvae. Unlike control
larvae (Figs. 7E and F), intracellular bile was evident in
hepatocytes of both groups of mRNA-injected larvae (Figs.
10O–R). By contrast, similar albeit less pronounced bile
retention was noted in hnf-6 morphants (Figs. 7G and H).Consistent with the cholestasis observed with hnf-6 and
vhnf1 forced expression, mRNA-injected larvae failed to
process the PED-6 fluorescent lipid reporter (not shown).
Selective role of hnf-6 in zebrafish pancreas development
Hnf-6 mutant mice have minimal pancreatic endocrine
cells at birth and, as adults, abnormal islet morphology and
glucose intolerance (Jacquemin et al., 2000). A recent report
suggests that delayed expression of pdx1 in hnf-6 mutant
mice can account for the small number of endocrine cells
(Jacquemin et al., 2000). This delay leads to reduced
numbers of pdx1-positive pancreatic progenitor cells in
hnf-6 mutant embryos. Zebrafish hnf-6 appears dispensable
for the early stages of endocrine pancreas development. A
normal distribution of differentiated acinar and endocrine
cells are present in 2 and 5 dpf hnf-6 morphant embryos and
larvae (Figs. 11A–D). Consistent with this finding, we
found normal levels of pdx1 expression in 2 and 3 dpf hnf-6
morphants via quantitative RT-PCR and whole-mount in
situ hybridization (not shown).Discussion
Zebrafish hnf-6 functions in a conserved pathway that
regulates biliary development
Genetic studies in mice have identified a role for hnf-6 in
the development of interlobular bile ducts (Clotman et al.,
2002). Histological analyses show that the biliary defects in
hnf-6 mutants closely resemble the ductal plate abnormality
associated with heritable human syndromes (Clotman et al.,
2003). Genetic analyses support a related role for vhnf1
during biliary development (Coffinier et al., 2002), and
molecular analyses strongly suggest that vhnf1 is directly
regulated by hnf-6 (Clotman et al., 2002). In this study, we
present data showing that a related genetic pathway
functions during formation of the zebrafish biliary system.
Fig. 9. hnf-6 regulates expression of vhnf1 and other liver genes. (A–D) Relative expression of vhnf1, hnf-4, hnf-3b, and ceruloplasmin (cer) genes in 3 dpf
WT and hnf-6 morphant larvae. Data derived from real-time quantitative PCR using tbp gene expression as a standard. Error bars represent SEM of five
separate experiments on pools of five to eight larvae. These data show that hnf-6 positively regulates vhnf1, hnf-4, and hnf-3b. Specificity of these results is
supported by the normal expression of the hepatocyte marker cer in the hnf-6 morphants (D). (E–F) Left dorsolateral views of 3 dpf WT (E) and hnf-6
morphant (F) larvae processed for vhnf1 RNA in situ hybridization. Strong expression in the paired pronephric ducts (arrows) is seen in both larvae. However,
there is minimal vhnf1 expression in the liver of the hnf-6 morphant (arrowhead). The larva shown is representative of 40% of hnf-6 morphants, with a range of
expression patterns evident in the remainder. (G–I) Confocal projections through the liver of 5 dpf WT (G), hnf-6 morphant (H) larvae, and a larva coinjected
with the hnf-6 morpholino and vhnf1 RNA (I). There is partial rescue of the hnf-6 morphant biliary phenotype in the vhnf1 RNA-injected larva (I). Ducts in this
larva are narrowed and longer than in the uninjected morphant (H). Short, connecting ducts are also present in the vhnf1 RNA-injected larva. (J–L)
Schematized versions of (G–I). Long ducts were traced in blue, interconnecting ducts in green, and terminal ductules in red. Compared with the wild-type
larvae (J), there are shorter long ducts (blue), and fewer interconnecting ducts (green) and terminal ductules (red) in the hnf-6 morphant larva (K). Partial
phenotype rescue occurs with coinjection of vhnf1 RNA and the hnf-6 morpholino (L).
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of the zebrafish intrahepatic biliary system and that these
changes have functional consequences on biliary lipidsecretion. Second, we show that vhnf1 mutants develop a
related albeit more severe biliary phenotype. Third, tran-
scriptional analyses using quantitative PCR and RNA in situ
Table 2
Duct number and length following hnf-6 knockdown with and without
vhnf1 mRNA coinjection
Large
ducts
(number)
Large duct
length
(grid boxes)
Interconnecting
ducts (number)
Terminal
ductules
(number)
Control 18 F 7 3.7 F 0.9 74 F 11 84 F 25
hnf-6 MO 20 F 8 2.3 F 0.8* 22 F 4*** 23 F 12**
hnf-6 MO +
vhnf1 RNA
16 F 6 3.5 F 0.5a 70 F 16a 51 F 22*
Confocal projections from control (n = 4), hnf-6 morphant (n = 4), or hnf-6
morphant + vhnf1 RNA-injected larvae (n-5) were manipulated as
described (Figs. 8K–L). Duct number and length were determined as
described in Materials and methods. Large ducts (blue), interconnecting
ducts (green), and terminal ductules (red) were quantified, and length of
large ducts was determined using a superimposed grid. Numbers represent
mean F SEM and P values were determined using one-tailed t test,
compared with control.
a N.S.
* P b 0.05.
** P b 0.005.
*** P b 0.001.
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hnf-6 morphants. Fourth, injection of vhnf1 mRNA rescues
the hnf-6 morphant biliary phenotype. Such data suggest
that hnf-6 and vhnf1 are components of an evolutionarily
conserved genetic pathway that regulates bile duct develop-
ment in the vertebrate liver.
Divergent roles of hnf-6 during teleost and mammalian
biliary development
Direct comparison of the role played by hnf-6 in
mammalian and teleost biliary development is complicated
by anatomical differences between the liver of mammals
and teleost fish. The human intrahepatic tree has been
described as being composed of five classes of ducts
(Crawford, 2002). Canals of Hering are the smallest
radicles. These canalicular–cholangiocyte hybrid tubules
directly drain bile from hepatocytes and connect via bile
ductules, the second component of the intrahepatic tree, to
the interlobular bile ducts in the portal triads. These ducts
are composed of cuboidal cholangiocytes surrounded by
basal laminae. The interlobular ducts connect to the
extrahepatic system via the fourth and fifth components of
the intrahepatic biliary system, the conducting, and major
bile ducts. These latter two classes of ducts are distinguished
by their larger size and the presence of peribiliary glands.
Identification of the zebrafish orthologs of these five
classes of human ducts is not feasible because the structural
organization of the teleost and mammalian liver differs
considerably (Lorent et al., submitted; Hinton and Couch,
1998). The acinar organization of the teleost liver places the
majority of the intrahepatic bile ducts within tubules of
hepatocytes. These small ducts are not recognizable in
histological sections of zebrafish liver and are not
surrounded by basal laminae; for this reason, confocalreconstructions of whole-mount livers were required for
biliary visualization. Based upon their appearance in
electron micrographs, zebrafish intrahepatic biliary ducts
may be more closely related to the mammalian canals of
Hering and small bile ductules. Zebrafish bile ducts within
the hepatocyte tubules drain into large bile ducts composed
of cuboidal cholangiocytes surrounded by basal laminae.
Based upon their size relative to the intratubular ducts and
their proximity to the extrahepatic system, we consider these
ducts comparable to the mammalian conducting bile ducts
or major bile ducts.
Gene targeting of murine hnf-6 disrupts formation of the
gallbladder, extrahepatic ducts, and interlobular bile ducts.
Immunohistochemical studies suggest that hnf-6 normally
functions to restrict cholangiocyte differentiation to hepato-
blasts adjacent to the portal tract (Clotman et al., 2002).
Whether other components of the intrahepatic system such
as the canals of Hering, bile ductules, and connecting and
major bile ducts develop normally in hnf-6 mutants has not
been reported. In contrast, our studies show that the
zebrafish gallbladder, extrahepatic biliary tree, and the
majority of the intrahepatic biliary system form normally
in hnf-6 morphant larvae but that the complexity of this
network is reduced. Morphant ducts appear shorter than
wild-type controls, and short connecting ducts between the
larger ducts are not present. The functional consequences of
this defect are not as severe as in the mouse. Bile secretion,
as measured by excretion of a fluorescent lipid reporter, is
modestly reduced with knockdown of zebrafish hnf-6,
whereas the majority of hnf-6 mouse mutants die with
severe cholestasis shortly after birth (Clotman et al., 2002).
Additionally, our studies do not reveal a role for zebrafish
hnf-6 in cholangiocyte differentiation. At no stage do we see
ectopic or enhanced cytokeratin immunoreactivity in hnf-6
morphants as reported in hnf-6 mouse mutants.
These data raise the question as to whether it is possible
to draw analogy between the biliary phenotypes of mouse
hnf-6 mutants and zebrafish hnf-6 morphants. Although
both genes regulate biliary morphogenesis, loss of hnf-6
function has less deleterious effects on biliary development
in zebrafish than in the mouse. Furthermore, endocrine
pancreas, gallbladder, and extrahepatic biliary development
are altered in hnf-6 mouse mutants but are not affected in
zebrafish hnf-6 morphants. Potential explanations for the
less prominent role played by zebrafish hnf-6 may include
gene duplication or compensation by another onecut family
member. However, sequence analysis of RT-PCR cDNA
products argues strongly against the presence of a second
hnf-6 gene in zebrafish as does the marked reduction of liver
vhnf1 expression in hnf-6 morphants and their rescue with
exogenous vhnf1 mRNA.
Partial knockdown of hnf-6 protein is an alternative
explanation for the hnf-6 morphant biliary phenotype. This
may be particularly relevant to our experiments because
we used intron–exon boundary morpholinos to knock
down hnf-6 protein. In our hands, intron–exon morpholi-
Fig. 10. Forced expression of hnf-6 or vhnf1 perturbs biliary development. (A–B) Left lateral views of 5 dpf larva injected with vhnf1 (A) or hnf-6 (B) mRNA.
These larvae are virtually indistinguishable from WT larvae. Liver size is normal in both larvae (arrowheads). (C–N) Confocal projections through the liver of
vhnf1 (C, D, G–I) and hnf-6 (E, F, K–M) RNA-injected larvae processed for cytokeratin IHC. Forced expression of either gene disrupts biliary development of
5 dpf larvae (C–F, I, and M). Few normal bile ducts are seen in most RNA-injected larvae compared with WT (J and N). (G–I, K–M) Biliary morphology of 4
dpf-5 dpf vhnf1 RNA (G–I) and hnf-6 RNA (K–M) larvae. Bile duct development appears abnormal at all developmental time points when compared with 5
dpf WT (J and N) and at earlier stages (Fig. 4G–I). (O–R) Liver ultrastructure in 5dpf vhnf1 (O and P) and hnf-6 (Q and R) RNA-injected larvae. There is
evidence of cholestasis in these larvae. Thin arrows point to canaliculi; these are dilated in both sets of RNA-injected larvae. In hnf-6 RNA larvae (Q and R),
bile has overflowed into the hepatocyte cytoplasm. Arrowheads in these figures point to dilated ducts. Prominent cholestatic debris is present within duct lumen
in (P and R). Scale bars = 2 Am.
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directed against sequences overlapping translation initia-
tion sites (unpublished). Our quantitative PCR data
showing only a twofold reduction of correctly spliced
hnf-6 transcript levels in morphant embryos support partialknockdown as an explanation for the divergent effects of
zebrafish and mammalian hnf-6-deficient phenotypes.
Nonetheless, predictions of gene knockdown efficiency
based upon mRNA levels may be misleading since it is not
possible to know whether transcripts that can be amplified
Fig. 11. Knockdown of hnf-6 perturbs pancreatic ductular development but spares acinar and endocrine cells. (A and B) Confocal projections through the
pancreas of 2 dpf WT (A) and hnf-6 morphant (B) embryos processed for insulin (red) and glucagon (green). Endocrine pancreas development is normal in
both embryos. (C and D) Confocal projections through the pancreas of 5 dpf WT (A) and hnf-6 morphant (B) larvae processed for insulin (red) and
carboxypeptidase-A (green) IHC. A normal distribution of both markers is seen in each larva.
R.P. Matthews et al. / Developmental Biology 274 (2004) 245–259258are translated. We were unable to address these issues
directly using either Western blots or IHC because
antibodies against mammalian hnf-6 did not cross-react
with zebrafish hnf-6.
A second explanation for the discordant biliary pheno-
types in hnf-6 mouse mutants and the zebrafish morphants
relates to hnf-6 gene organization. The intron–exon mor-
pholinos used to target hnf-6 splicing are predicted to
interrupt the hnf-6 gene before the homeodomain coding
sequence within the second exon. One possible effect of this
targeting would be to generate a truncated protein that
retains the cut domain, which has been shown to be
sufficient for in vitro binding of hnf-6 to target DNA
(Lannoy et al., 1998). Thus, it is conceivable that targeting
the hnf-6 cut domain may not reduce hnf-6 activity below a
critical level required for earlier and more severe effects on
biliary development. Because of constraints imposed by the
hnf-6 gene sequence, we could design only a single
translational start site morpholino, and this had no effect
on biliary development (data not shown).
Finally, we cannot exclude the possibility that a related
zebrafish onecut gene plays a compensatory role in the hnf-
6 morphants, or a more prominent biliary role in general,
and that this accounts for discrepancies between zebrafish
and mammalian hnf-6 biliary phenotypes.
Zebrafish biliary development is sensitive to the levels of
hnf-6 and vhnf1 transcripts
Forced expression of both hnf-6 and vhnf1 mRNAs
disrupted intrahepatic biliary development and caused
pronounced cholestasis. However, precise interpretation
of the biliary phenotype of RNA-injected larvae is difficult
because it is more variable than that of the hnf-6
morphants. Thus, it is difficult to know whether the hnf-
6 and vhnf1 loss- and gain-of-function phenotypes are
related.
Genetic and physiological studies performed in mice
offer insight into these zebrafish phenotypes. These groups
of experiments suggest that the precise levels of hnf-6protein regulate development and/or maintenance of the
endocrine pancreas and biliary system. Islet morphology
and glucose tolerance are altered in both adult hnf-6
knockout mice (Jacquemin et al., 2000) and transgenic
mice that ectopically express hnf-6 from the pdx1 promoter
(Gannon et al., 2000). Thus, a similar pancreatic phenotype
arises in the setting of either reduced or elevated levels of
hnf-6 protein. Recent experiments suggest that hnf-6
regulates mammalian biliary epithelial cell proliferation in
a related fashion (Holterman et al., 2002). This study
showed that hnf-6 protein levels decline as biliary epithelial
cells proliferate when the common bile duct is ligated,
whereas expression of exogenous hnf-6 abrogates this
proliferative response. Thus, it appears that mammalian
endocrine pancreas progenitors and biliary epithelial cells
are sensitive to the dosage of hnf-6 protein. Our data suggest
a similar effect of hnf-6 in developing zebrafish biliary
epithelial cells.
The biliary phenotype of hnf-6 and vhnf1 mRNA-
injected larvae is somewhat surprising given the short half-
life of exogenous RNA. The effect of these mRNAs at 4
and 5 dpf might be explained by perdurance of the
respective proteins. Alternatively, these phenotypes may
arise from early effects on biliary progenitor cells. Timed
expression of these proteins using inducible transgenes is
planned to address this question. It is also conceivable that
the cholestatic phenotype of hnf-6 and vhnf1 mRNA-
injected larvae may arise, in part, from altered synthesis or
excretion of bile acids, phospholipids, or other compounds
in mammalian bile. Further experimentation will be
required to accurately compare the effects of hnf-6 and
vhnf1 knockdowns with the correlative gain-of-function
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